The majority of the deoxyribonucleic acid (DNA) of superinfecting T4 bacteriophage which is injected and not hydrolyzed does not attach to host cell membrane. Low levels of association of secondary phage DNA with membrane appear to be related to temporal genetic exclusion.
The deoxyribonucleic acid (DNA) of superinfecting T4 phage undergoes a sequence of events quite different from that followed by T4 DNA after primary infection. Approximately 50%cl of the DNA of secondary phage is degraded to acid-soluble form (13) and 80% of that remaining is not injected (11) . Electron micrographs by Bayer (Biophys. Soc. Abstr., p. 268a, 1970) suggest that superinfecting phage which fail to inject their DNA are probably not adsorbed to normal phage attachment sites. Genetic markers of the superinfecting phage are, for the most part, excluded from the progeny phage (3) . In addition, the per cent attachment of superinfecting parental phage DNA to cell membrane is three-to fourfold lower than that observed in primary infection (4, 5) .
That superinfection degradation and exclusion can be independent events was shown conclusively by Fielding and Lunt (7) . Escherichia coli strains lacking endonuclease I do not solubilize the DNA of superinfecting phage, but temporal exclusion still occurs.
The present work was performed to determine the relationship between exclusion and the percentage of superinfecting phage DNA attached to membrane in cells which lack endonuclease I and from which uninjected T4 DNA has been removed.
MATERIALS AND METHODS
Procedures for the growth, radioactive labeling, and infection of cells, as well as the magnesiumsarkosyl crystal (M-band) technique for the determination of membrane-bound DNA, were the same as those described previously (4) . 1 Part of this work was presented at the 71st Annual Meeting of the American Society for Microbiology, Minneapolis, Minn., [2] [3] [4] [5] [6] [7] May 1971.
Strains. E. coli ER22, a derivative of E. coli B which lacks endonuclease I (6), was obtained from C. C. Richardson. J. R. Walker provided E. coli C600 (X). T4DrII73 was from the collection of E. B. Goldberg. Other bacterial and phage strains used have been described (4 Preparation of 3H-leu-32P-T4D0. E. coli BB was grown at 37 C in TG medium, supplemented with 5 ,ug of L-leucine per ml to a cell density of 5 X 108 per ml. L-Tryptophan was added (50 /Ag/ml), and the culture was infected with a multiplicity of 5 to 10 T4Do per cell. H332PO4 (4,uCi/ml) and 3H-L-leucine (2 ,uCi/ ml) were added 5 and 10 min after infection, respectively. The culture was treated with CHCl3 3 hr after infection, and the phage were then purified as reported before (4 0.2-ml samples were placed directly into a modified Bray's scintillation fluid (16) and counted.
Degradation of phage DNA. Superinfection breakdown experiments were performed as described by Fielding and Lunt (7) . Methylene blue was used as an indicator during the neutralization step.
Genetic exclusion studies. The procedure of Fielding and Lunt (7) was used. E. coli C600 (X) was the nonpermissive host for T4DrII73. Multiplicities of 5 were used for both the initial and secondary infections.
RESULTS
Efficiency of injection of superinfecting T4 DNA. Approximately 40% of the DNA of secondarily infecting T4 is not injected (11) . This same low injection efficiency is obtained in host cells lacking endonuclease I, as shown in Fig. 1 Degradation of phage DNA after infection or superinfection. Superinfection breakdown does not occur in endonuclease I-hosts (7). This observation was confirmed for E. coli ER22, as shown in Fig. 2 , which compares phage DNA degradation in B and ER22. Less than 18% of the parental DNA label is released into the medium after primary infection of either host. After superinfection, little 32P-DNA is hydrolyzed by ER22 cells whereas, in B, 50% is solubilized in 15 min. The absence of superinfection breakdown in ER22 cells results in a corresponding increase in sensitivity of secondary phage DNA to deoxyribonuclease. In extracts of superinfected B cells, less than 25% of the DNA of the secondary phage is sensitive to deoxyribonuclease (4). This value increases to 80% in similar experiments performed with ER22 cells.
Attachment ofthe DNA ofsuperinfecting phage to membrane. After superinfection of E. coli B, little of the secondary T4 DNA is found associated with membrane (5). The poor injection efficiency and the superinfection breakdown which occur make this result difficult to interpret, however. DNA is membrane-bound in all four cases, despite the fact that differences (described below) of up to 10-fold in recovery of 32P-DNA were observed. As has been described, shearing removes 40% of the phage DNA initially associated with cells after secondary infection, and superinfection breakdown renders acid-soluble an additional 50%0. Thus the predicted recoveries of 32p phage DNA are as follows: nonsheared ER22 cells, 100%; sheared ER22 cells, 60%; nonsheared B cells, 50%; and sheared B cells, 10%0. The actual recoveries, based on the results of five experiments, are 100 16%, 54 ± 3%, 55 i 12%o, and 11 i 4%, respectively. The amount of cell membrane and DNA recovered is unaffected by shearing or superinfection breakdown; the determinations of actual 32P-DNA recovery were calculated from double-label experiments by using recovery of one or the other of these two cell constitutents as an internal standard.
The 25 to 30 % figure for attachment after superinfection results in part from some adventitious attachment of phage to M-band. After secondary infection with 8H-leu-32P-T4, approximately 20% of the leucine label appears in the M-band prepared from both sheared and nonsheared samples.
Effect of chloramphenicol on attachment of superinfecting T4 DNA to membrane. Genetic exclusion occurs in both B and ER22 (7). a Multiplicities of infection of 5 were used for both primary and secondary infection. Cells were superinfected at 5 min, and samples were taken for analysis by the Mg24-sarkosyl crystal technique 2 min later. Cell membrane and host DNA were labeled with glycerol-2-3H and thymidine-methyl-3H, respectively (5).
Anderson (Ph.D. Thesis, Washington University, 1970) found that protein synthesis is required for the induction of genetic exclusion after T4 infection. A similar requirement for protein synthesis exists if 45X174-or S13-infected cells are to establish superinfection exclusion (12, 18) . In our hands, 200 ,ug of chloramphenicol per ml added 30 sec after primary infection completely prevented exclusion. The results shown in Table 2 demonstrate that inhibition of protein synthesis shortly before or immediately after primary infection results in the attachment of 85% of the DNA of superinfecting phage to membrane. This percentage is identical to that found in a normal primary infection or in a primary infection which takes place in the presence of chloramphenicol. The degradation of host DNA which occurs after T4 infection accounts for the reduced percentage of host DNA attached to membrane in the control culture.
DISCUSSION
The results presented indicate that an inverse correlation exists between the attachment of T4 DNA to membrane and temporal genetic exclusion. Exclusion occurs in both E. coli B and ER22, and only 25% of the secondary phage DNA appears in the M-band. Genetic exclusion does not occur if protein synthesis is inhibited after the initial infection, in which case 85% of superinfecting DNA is membrane-bound.
It is difficult to state precisely the actual amount of superinfecting DNA which is membranebound. Recovery of the secondary DNA is 10 times higher when nonsheared ER22 cells are used as hosts than when sheared preparations of B are used, yet in both cases 25 % of the DNA is present in the M-band. The extent of exclusion is approximately 90 to 95 % in both cases. Because exclusion is not complete, it is possible that a constant amount of superinfecting DNA attaches to mem- 5 min, 2%o of the superinfecting phage DNA appears in progeny phage (8) .
It is probable that most of the secondary phage DNA never penetrates the cell membrane. The rapid release of fragments of secondary phage DNA into the medium and the location of endonuclease I in the cell periplasm (14) suggest that the injected DNA may be trapped in this region. Work employing autoradiographic techniques also supports this hypothesis; the DNA of superinfecting phage is associated with cell wall, whereas parental DNA in a primary infection is found in the cell cytoplasm (Anderson, Ph.D. Thesis, Washington University, 1970).
After T4 infection, cells develop not only the ability to exclude superinfecting phage but also an increasing resistance to lysis from without (19) and a tolerance to infection with ghosts (2). These observations combined with results which indicate that changes in host permeability (17) and phospholipid synthesis (9, 15) occur after infection are generally attributed to alterations which take place in host membrane. The absence of genetic exclusion in the presence of chloramphenicol and the high percentage of attachment of secondary T4 DNA to membrane in this case suggest that these membrane alterations require protein synthesis. This requirement may also be reflected in the recent demonstration that development of tolerance to ghosts is prevented by chloramphenicol or sodium azide (2) .
The fact that a relatively low percentage of DNA from superinfecting T4 is attached to cell membrane may also serve as an additional criterion by which methods for the determination of membrane-bound DNA can be tested.
